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Abstract
The η → π0γ γ rare decay was measured at the AGS with the Crystal Ball photon spectrometer and its relative branching
ratio was extracted to be B1 = (8.3 ± 2.8 ± 1.4) × 10−4, based on the analysis of 3 × 107 detected η mesons. This leads to a
lower partial width for this eta channel than past measurements and is in line with chiral perturbation theory calculations.
 2004 Elsevier B.V.
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Open access under CC BY license.The study of QCD is traditionally broken down into
energy regions, based on the applicability of perturba-
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Open access under CC BY license.tion theory. In the energy region below 0.5 GeV, the
symmetries of QCD provide tight constraints on “soft
process” features such as structure functions and sim-
ilar observables. At these low energies, Chiral Pertur-
bation Theory (χPT) provides an accurate description
of the strong and electroweak interactions of pseudo-
scalar mesons [1].
In this region, the partial width (or branching ra-
tio BR) of the decay process η → π0γ γ stands out
as a stringent test of the predictive power of χPT .
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the momentum expansion of χPT , O(p2) and O(p4),
are suppressed; the former due to the final state that
is composed entirely of neutral particles, and the lat-
ter because tree diagrams are absent in the expansion
and the one-loop diagrams are suppressed either due
to G-parity invariance or because they contain heavy
kaons. Indeed, χPT calculations up to O(p4) result in
a partial width Γ (η → π0γ γ ) of 3.9×10−3 eV/c2 [2,
3]. The O(p6) terms involve parameters that are not
well determined and not trivially related to measur-
able quantities. Nevertheless, an experimental test of
the these terms is valuable in determining the effec-
tiveness of χPT . Moreover, the interest in this reaction
extends to the interpretation of η → π0l+l−, where l
is an electron or muon, that acts as a test of C-parity
conservation in the electromagnetic interaction.
A brief summary of theoretical predictions is given
here. Extracting the O(p6) parameters in vector me-
son dominance (VMD) and performing the calcula-
tion with χPT provides a partial width estimate of
0.31 eV/c2 [3], a value consistent with pure VMD
calculations [4–6]. A χPT calculation up to O(p8),
including the a0 and a2 scalar and tensor mesons, re-
sults in 0.42 ± 0.20 eV/c2 [3]. The further inclusion
of C-odd vector and axial vector resonances raises
this value to 0.47 ± 0.20 eV/c2 [7]. Others deter-
mine the O(p6) constants in the Extended Nambu–
Jona-Lasinio model, which is a low-energy effective
model that takes into account all the symmetries of
QCD. Three χPT calculations in this framework [8–
10] differ somewhat in choices relating to the ex-
perimental constraints on input parameters, and re-
sult in a spread of values: 0.58 ± 0.3, 0.11–0.35, and
0.27+0.19−0.07 eV/c2, respectively. Finally, a different ap-
proach is based on quark-box diagrams [11] and yields
a value of 0.70 eV/c2.
With the exception of the last calculation, all
others fall well below the only experimental value
listed in the RPP [12]. In that experiment, 6 × 105
η mesons were produced and their decay photons
were detected with the GAMS 2000 spectrometer at
IHEP, Serpukhov. Originally, the extracted BR was
(9.5 ± 2.3) × 10−4 [13] but a subsequent reanalysis
yielded a revised number of (7.1 ± 1.4) × 10−4 [14].
This value was based on a signal consisting of ∼ 35
events surviving the final analysis, and corresponds to
Γ (η → π0γ γ ) = (0.84 ± 0.20) eV/c2.In this Letter we describe a recent measurement
of the η → π0γ γ decay. The experiment was carried
out at the C-6 beamline of the Alternating Gradient
Synchrotron at Brookhaven National Laboratory with
the Crystal Ball (CB) detector. This device is described
elsewhere in detail [15] and only important features
are recounted here.
The CB is an electromagnetic calorimeter with
nearly 4π geometric acceptance and is comprised of
672 optically isolated NaI(Tl) crystals with a thick-
ness of 15.7 radiation lengths, leaving openings for
the entrance and exit of the beam pipe. Electromag-
netic showers are measured with an energy resolution
of σ/E = 3.0%/ 4√E(GeV), a polar angle resolution
of σ = 2◦–3◦ and an azimuthal angle resolution of
2◦/ sin θ . For this experiment, a 10.57-cm-long liquid
hydrogen target was positioned along the central axis
of the CB. The target, in turn, was surrounded by a 5-
mm-thick, 120-cm-long cylindrical plastic scintillator
that was employed as a veto barrel (VB) to separate
charged from neutral particles. Other beamline detec-
tors provided particle tracking and momentum infor-
mation, vetoed unwanted events, and defined the ex-
perimental event triggers. In this experiment, the pri-
mary event trigger consisted of a coincidence between
beam counters, a total energy (hardware) threshold in
the CB, and an anti-coincidence signal from the VB,
thus selecting reactions with only neutral particles in
the final state.
A total number of 3 × 107 η mesons was pro-
duced via the charge-exchange reaction π−p → ηn
at 720 MeV/c. The η population was determined us-
ing the decay η → 2γ and cross-checks were carried
out with the η → 3π0 → 6γ channel under identical
conditions. The incident rate on target was ∼ 106 per
2.0 s spill and resulted in an electronics live time of
50–60%. This beam rate in conjunction with the long
decay time of light in NaI required pile-up corrections,
as discussed below.
In the CB, 98% of a photon’s energy is deposited in
a cluster defined by a peak crystal and its 12 adjacent
neighbors [16,17]. In order to suppress electronic
noise, only crystals with an energy deposition of
greater than 2 MeV were considered. The energy of
each photon is the sum of the energy deposited in the
crystals comprising the cluster. The calculation of the
photon’s direction is done under the assumption that
events originate at the center of the target, and the
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crystal in the cluster is weighted by the square of its
energy deposition.
The three π−p → neutrals reactions with signifi-
cant cross sections in the accessible energy range are
π−p → π0n, π−p → π0π0n and π−p → ηn, with
only the latter two contributing to the invariant mass
(IM) region of the η meson. The events were sorted
based on trigger type (charged or neutral), number of
clusters, IM, missing mass (MM), and number of re-
constructed pions in the final state. Cuts imposed on
these primary quantities aided considerably in sup-
pressing the first two channels. It should be noted that
the angle of the recoil neutron was such that it did not
enter the active volume of the CB and thus did not con-
tribute to the total energy recovered.
The method of extracting the η → π0γ γ signal re-
lied on a solid understanding of the shape and strength
of the background distributions used in the Monte
Carlo (MC) simulations. The background channels
were measured simultaneously with the data, and,
therefore, sufficient information existed to constrain
them to the desired level of confidence. Overall, the
MC event format was designed to mirror the data to
the greatest extent possible so that the same analysis
algorithm could be applied to both.
The three channels pertinent to this analysis were:
(1)π−p → 2π0n (background),
(2)π−p → ηn → 3π0n (background),
(3)π−p → ηn → π0γ γ n (signal).
These were simulated by generating 6 × 107, 7 × 107
and 2.2 × 106 events, respectively, numbers that were
adequate for the analysis and background subtraction.
The simulations employed statistical distributions that
parametrized the physical beam as determined from
the beam line diagnostic and momentum readout el-
ements. Furthermore, the MC was adjusted to repro-
duce the effects of the physical calibration and resolu-
tion, by comparing fits of the reconstructed π0 and η
invariant masses and widths to those of the data. The
achieved agreement between the shapes of MC and
data was excellent for all 22 variables investigated.
The π−p → 2π0n channel is a four-cluster final
state in which a neutron accounts for the missing
mass. A large fraction of the π−p → 2π0n spectrum
falls at low IM where it is easily separated from η-events. The kinematic distribution of the remaining
events was extracted from the data by employing
a three-dimensional grid of IMπ0π0 vs. IMπ0n vs.
the neutron’s θcm. The simulations were generated
initially with a distribution that uniformly occupied
the available phase space. Subsequently, the data were
compared to these simulations to produce a correction
to the distribution that was then used to generate
the π−p → 2π0n MC. The agreement between MC
and data is shown for a representative spectrum in
Fig. 1(a), and was of similar quality for all variables.
Such level of agreement ensured that the subsequent
analysis, based on the likelihood method, was feasible,
and was able to yield a meaningful and stable result.
The η production channel near threshold (684
MeV/c) proceeds primarily through the S11(1535)
resonance. Due to the mass and width of this reso-
nance, its cross section rises very rapidly from thresh-
old. This has a significant effect on the realized mo-
mentum distribution and was accounted for appro-
priately. For the two-body reaction π−p → ηn, the
center-of-mass angular distribution of the η-mesons is
sufficient to constrain the production process. This dis-
tribution was extracted from the data using cleanly re-
constructed six-cluster η → 3π0 events.
Reaction (2) is very important: its BR is several
orders of magnitude larger than that of reaction (3) and
given the granularity and resolution of the CB, there
was “leakage” of the former’s six-cluster events into
the latter’s four-cluster events. The agreement between
this MC and the data for six-cluster events is shown in
Fig. 1(b) for MM, and all other variables agreed to this
level.
There is no a priori reason to expect reaction (3)
to populate the available phase space uniformly; in-
deed, χPT calculations predict it to be non-uniform.
Although our analysis was carried out with a uniform
phase space distribution, a distribution based on χPT
predictions was also generated and processed through
the analysis as a test of analysis sensitivity to this dis-
tribution. The sensitivity turned out to be small and
was folded in the systematic error estimation.
The cross section of π−p → ηn at the beam
momentum of this experiment is about 2 mb [18],
which is considerably less than the 8 mb for the
π−p → π0n cross section [19,20]. Consequently, the
CB discriminator threshold—on the sum of all ADC
signals excluding the adjacent-to-the-tunnel (guard)
N. Knecht et al. / Physics Letters B 589 (2004) 14–20 17Fig. 1. Agreement between MC and data for (a) the invariant mass of the π−p → 2π0n channel (left) and (b) the missing mass of the
π−p → ηn → 3π0n (right). Both data and MC have been subjected to four-cluster-event cuts in panel (a) and six-cluster-event cuts in panel (b).
The normalization of the MC to the data was based on the equalization of the integrals of both curves.crystals—was set roughly to 0.4 GeV, to increase the
fraction of η events recorded relative to π0 events.
This condition was satisfied by 60% of the π0 events
and nearly all η events. Due to small variations in the
gains from crystal to crystal being compounded by
the electronic summation, the CB threshold was not
uniform. In addition, since the pile-up (PU) energy
affected the implementation of the trigger condition
and could not be clearly identified on an event-by-
event basis, the MC had to take this into account
by adding parametrized PU energy from the data.
Once this was done, the simulated threshold energy
spectrum matched the data spectrum well from about
0.62 GeV to 0.80 GeV. This region contained 95.8%
of fully detected η events and was used in the next
stage of the analysis.
The signal was extracted from the data in three
steps:
(i) Selection of candidate events through cuts that
exclude events outside the kinematic range popu-
lated by the η → π0γ γ signal;
(ii) Generation of likelihood functions that convolute
the probability distributions of several observ-
ables to separate the signal from the background
events; and
(iii) Normalization of background MC simulations to
the data and subtraction of these events.
Among the 22 observables examined, only six
were used in the final analysis since the inclusion ofthe remaining ones did not contribute further to the
suppression. These six were:
(1) The invariant mass, IM.
(2) The missing mass, MM.
(3) The energy of the most energetic crystal for each
cluster, Epeak.
(4) The radial energy spread R = (Ecluster − Epeak)/
Ecluster. R was defined for each cluster as the
fraction of its energy that is not contained in the
peak crystal and it suppressed η → 3π0 events
where photon overlapping occurred.
(5) The fractional two-pion mass difference TPD =
min(tij + tkl), where tij = (|IMij −mπ0 |)/mπ0 and
i , j , k and l enumerate the four clusters (i =
j = k = l). TPD is related to the probability that
two simultaneous pairs of photons both arose from
π0’s and it suppressed π−p → 2π0n events.
(6) The transverse momentum in the lab frame pT =∑
i pi × zˆ, where the pi are the three momenta
of each of the four reconstructed photons and zˆ
is a unit vector along the incident beam direction.
It suppressed η → 3π0 events with photons lost
through the beam tunnels.
In order to minimize uncertainties in the extrac-
tion of the signal, the event filtering requirements
were stringent: neutral final state particles, four-cluster
events, exclusion of events centered on a guard crystal,
missing mass corresponding to a neutron (within 2σ ),
IM > 0.50 GeV/c2 (to focus on the region of the η),
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π0 and a cut on R for each of the four clusters.
The analysis to separate signal from background
was based on the log likelihood function used in
maximum likelihood fits and exploited the difference
in shape between probability distributions. This is
the first time such methodology was utilized in the
analysis of the η → π0γ γ reaction and it is reported
in detail in Ref. [16]. For each event, the probability
distributions were used to evaluate the two likelihood
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The sums are over the observables used: X ∈ (IM,
MM,Epeak,R,TPD,pT). P(X) are the normalized
probabilities that an event is consistent with a par-
ticular channel based on observable X, as shown in
Fig. 3(a). The log of the ratio is a measure of the rel-
ative degree of consistency that event i has with the
signal and background channels.
Fig. 2 shows the L2π vs. L3π distributions for the
data and the signal channel, arbitrarily normalized. Al-
though, reactions (1) and (2) predominantly populate
quadrants LR and UL, respectively, they both spill
over into quadrant UR to some extent. Due to their
overwhelming strength, the signal does not stand outat this stage and the appropriately normalized back-
ground MCs had to be subtracted from the data to
leave the number of signal events for each bin.
In regions with large amounts of background the
statistical uncertainty in the subtraction can obscure
the results. For this reason, the integration was per-
formed from minimum values of L2π and L3π and
through the signal region of quadrant UR. Integra-
tion choices for which the significance of the number
of found signal events exceeded 3σ were considered
“good” regions. These regions were determined by the
MC simulations, and, as an additional check, the en-
tire grid was examined to ensure that no “good” re-
gions occurred when they were not expected. The fi-
nal number of surviving signal events was 120 ± 40,
corresponding to an overall acceptance of ∼1.3 %.
The dependence of the BR on the background-to-
signal (B/S) ratio and the significance in terms of
σ was investigated. At the 2σ level, for example,
the BR is stable for B/S = 2–10, as displayed in
Fig. 3(b). The BR remains constant even for B/S
up to 20, given the quoted uncertainties associated
with the measurements. Such stability lends strong
support to the validity of the method because it
shows the success of the background subtraction. For
B/S = 9, for example, small variations in the number
of extracted signal events for the different L2π vs. L3π
integration regions would result in large fluctuations of
the remaining background events. Thus, the stability
of B/S is a critical test of our confidence in theFig. 2. Likelihood distributions for (a) the data containing reactions (1)–(3), and (b) the MC of the η → π0γ γ channel. The regions are:
UL—upper left, LL—lower left, UR—upper right and LR—lower right. All cuts have been applied, as described in the text.
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2σ level. All cuts have been applied, as described in the text.extracted BR. In the end, the decision to establish the
BR extraction on the 3σ confidence level at B/S = 9
is an optimization of the statistical event sample and
its significance, and reflects the region of maximum
stability.
The normalization fit to the L2π vs. L3π spec-
trum and the 3σ cutoff were used to extract the η →
π0γ γ signal. The acceptance-corrected number of
signal events was then compared to the number of
η → 3π0 events to extract the relative branching ratio,
B1 = BR(η → π0γ γ )/BR(η → 3π0), using BR(η →
3π0) = 0.3251 ± 0.0029 [12]. The instrumental sys-
tematic and calibration uncertainties, photon conver-
sion in veto counters, and other effects, were largely
cancelled in taking this ratio.
Systematic uncertainties were investigated in de-
tail by varying the MC tuning parameters, the cut val-
ues, and by attempting alternate normalizations for the
background subtraction. The overall systematic uncer-
tainty in the BR from this analysis was < 20%. This
consisted of a ∼ 15% uncertainty from the normal-
ization and variation of the cuts on the analysis pa-
rameters, 5% uncertainty due to the 3σ cutoff after the
background subtraction, and < 1% uncertainty due to
the assumed shape of the η → π0γ γ distributions be-
tween phasespace and χPT predictions. In the end, the
main experimental limitations were due to granularity
(size) of the individual crystals of the detector, as well
as due to background suppression.
After all corrections were applied, the relative
branching ratio was determined: B1 = (8.3 ± 2.8 ±1.4) × 10−4. This leads to a partial width of Γ (η →
π0γ γ ) = (0.32 ± 0.15) eV/c2, once the uncertainty
in the η width is folded in. This result is significantly
lower than the RPP value. As this work involved
50 times more produced η mesons than the latter, it
was possible to employ aggressive cuts to suppress the
background events dramatically. Similar issues were
involved in a recent measurement [21] that reported
only an upper limit (0.99 eV/c2).
Although the present result cannot distinguish
among χPT calculations, it is in line with them.
Higher precision measurements will be necessary to
constrain any calculations, although it is doubtful
whether such levels of precision are achievable with
neutral calorimeters.
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